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^ Voltage-gated ton channels regulate many physiological functions and are targets for a number of drugs. Patch-clamp 

| electrophysiology is the standard method for measuring channel activity because it fulfils the requirements for voltage control, 

I repetitive stimulation and high temporal resolution, but it is laborious and costly. Here we report an electro-optical technology 

== and automated instrument, called the electrical stimulation voltage ion probe reader (E-VIPR), that measures the activity 

c of voltage-gated ion channels using extracellular electrical field stimulation and voltage-sensitive fluorescent probes. We 

* demonstrate that E-VIPR can sensitively detect drug potency and mechanism of block on the neuronal human type III 

a voltage-gated sodium channel expressed in human embryonic kidney cells. Results are compared with voltage-clamp and 

J show that E-VIPR provides sensitive and information-rich compound blocking activity. Furthermore, we screened -400 drugs 

„, and observed sodium channel-blocking activity for -25% of them, including the antidepressants sertraline (Zoloft) and 

■| paroxetine (Paxil). 



Voltage-gated sodium (Na v ) channels generate rapid, transient inward 
currents that drive the upstroke of the action potential of excitable 
cells such as neurons and striated muscle. Na v channels are also the 
target of many drugs, including anesthetics, analgesics, antiepileptics 
and antiarrhythmics 1-3 . A common property of these drugs is that 
they preferentially affect the channel at a specific stage of its cycle of 
rest, activation and inactivation, often by delaying the recovery from 
inactivated state, thereby producing a cumulative reduction of Na + 
rents 4 . This 'use-dependent' block allows these drugs to preferen- 
.lly act on cells and nerves firing at different frequencies and is 
important for the therapeutic index 5 , as known agents demonstrate 
little or no selectivity for Na v -channel subtypes 6 . The whole-cell 
voltage clamp is an elegant and useful method to study such properties 
because it offers sufficient voltage control and temporal resolution 
to track the millisecond kinetics of activation and inactivation. 
Unfortunately, conventional electrophysiological methods have 
extremely low throughput, limiting the number of channels and 
agents that can be conveniently studied. Recently introduced 
planar patch techniques are more efficient than traditional electro- 
physiology 7 , but these approaches still have cost, throughput and 
technical constraints that limit large-scale screening and profiling of 
ion channels 8 . Nonelectrophysiological high-throughput screening 
techniques, including the application of voltage-sensitive dyes 9-11 , 
have also been developed to facilitate ion-channel drug discovery. 
Although robust and cost effective, these screening approaches are 
not well suited to study state dependence because they use 



nonphysiological stimulation methods such as pharmacological 
modifiers 12 , cannot repetitively stimulate the channel and have low 
temporal resolution. 

To combine the convenience and throughput of screening methods 
with some of the stimulation control and temporal resolution afforded 
by electrophysiology, we have developed E-VTPR, an electro-optical 
approach that combines variable, repetitive electrical field stimulation 
(EFS) and detection of membrane potential by voltage-sensitive dyes 
to stimulate and record channel activity 13,14 . The approach provides 
an extracellular electrode array to cells in standard 96- and 384-well 
microliter plates to achieve higher throughput, greater reliability and 
lower cost than either electrophysiology or commercially available 
planar patch systems. We compared E-VIPR results with electrophy- 
siology by testing known Na v -channel blockers in cells expressing the 
human type III voltage-gated sodium channel (hNa v 1.3), and found a 
high correlation between the two techniques for determining both 
potency and use-dependence of compounds. hNa v 1.3 is an attractive 
drug target for treating pain because it is upregulated after nerve 
injury' 5 and in inflammatory pain models' 6 . To demonstrate the 
utility of this technology for rapidly characterizing compounds, we 
profiled —400 clinically used drugs and found that antidepressants 
with diverse chemical structures inhibit Na„ channels, a previously 
unreported feature that may contribute to the effects of these drugs in 
humans. We conclude that the E-VIPR offers a convenient platform to 
support large-scale research and drug discovery for voltage-gated ion- 
channel targets. 
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Figure 1 Measurements of Na„ channel-dependent voltage changes with E-VIPR. (a) Scheme of E-VIPR instrumentation. Ceils cultured in a 96-well 
c microtiter plate are simultaneously stimulated with eight parallel electrode pairs that dip into each well. Monophasic stimulation voltage pulses are created 
■jjj with a function generator, which are converted to currents with a voltage-to-current amplifier and delivered to the electrodes. Light from a xenon arc lamp is 
= passed through 400-nm interference filters, to select the excitation wavelength. Both excitation and emission light are directed to and from the bottom of the 
3 plate by eight trifurcated optical fiber bundles. One leg of the trifurcated fiber is used as an excitation source and the other two are used to detect 
~" fluorescence emission at 460 and 580 nm, for CC2-DMPE and DiSBAC 6 (3) respectively. An enlargement of a single well diagrams the electrode orientation 
^ and optical field of view. Fluorescence emission is detected with photomultipliers before, during and after electrical stimulation, (b) Electrical field 
f5 stimulation elicits membrane-potential transients detected by voltage-sensitive FRET probes. Individual normalized fluorescence signals from CC2-DMPE 
Z (blue trace) and DiSBAC 6 (3) (red trace) were measured from HEK293 cells expressing hNa v 1.3 during 1-Hz EFS train of voltage steps from 0 to 
j§ 100 V/cm. Arrows indicate when stimulation was applied. Ratiometric FRET responses are indicative of repetitive transient depolarizations, which are 
° synchronous with electrical stimulation, (c) TTX blocks hNa v 1.3-dependent FRET signals. The normalized CC2-DMPE over DiSBAC 5 (3) FRET ratio signal, 
@ black trace, indicates the membrane-potential response to 5 Hz train of voltage steps from 0 to 100 V/cm (top). Arrows indicate when the stimulation 
was applied. 50 nM TTX completely blocks the stimulated depolarizations (bottom) demonstrating that it is dependent on the TTX-sensitive hNa v 1.3. 
IgQUd) Stimulation strength versus membrane-potential response. Normalized peak ratio responses to a 5 Hz train of voltage pulses are plotted as a function of 
QlPelectrical field strength (1-113 V/cm) in the absence (blue circles) and presence (red squares) of 100 nM TTX, EFS-induced depolarizations are blocked by 
TTX at all field strengths tested indicating that they are due to hNa v 1.3 activation and not nonspecific electroporation. No membrane depolarizations were 
observed in cells not transfected with hNa v 1.3 (black triangles). Data are shown as mean ± s.e.m. (n = 4). (e,f> Fluorescence images of live HEK293 cells 
stained with CC2-DMPE and DiSBAC 6 (3). Cells were excited at 400 nm and the CC2-DMPE and DiSBAC e (3) emission was observed with a fluorescent 
microscope at 460 (e) and 580 (f) nm, respectively. 



RESULTS 

E-VIPR stimulates and detects Na,-channel activity 

The E-VIPR screening system consists of a computer-controlled 
electrode array integrated with an 8-chaiinel dual -emission wavelength 
fluorescence reader (Fig. la). Membrane potential was monitored 
using the high-speed voltage-sensitive probe combination of 
CC2-DMPE and DiSBAC6(3), which undergo fluorescence resonance 
energy transfer (FRET) based on the potential 17 ' 18 . Representative 
fluorescence signals obtained from human embryonic kidney 
(HEK)293 cells expressing hNavl.3 in response to five 2-ms mono- 
phasic EFS pulses delivered at 1 Hz are shown (Fig. lb). The 
fluorescence ratio change AR was used to measure 5-Hz EFS-induced 
membrane-potential changes {Fig. lc). The response was blocked by 
50 nM tetrodotoxin (TTX) and was absent in untransfected HEK293 
cells, showing that the membrane-potential changes were due to 
activation of Na v 1.3, which are tetrodotoxin (TTX) sensitive 



(Fig. Id). The cells have a resting membrane potential of approxi- 
mately -65 mV, and the transient response consists of a depolarization 
due to the opening of Na v channels followed by a repolarization due to 
sodium channel inactivation, the activity of endogenous K + channels 
and the rectification properties of the membrane. The membrane 
potential as a function of stimulation strength (Fig. Id) shows that 
peak response increases with field strength, consistent with activation 
of additional channels as the field strength increases. Fields >25 V/cm 
evoked TTX-sensitive, hNayl.3-dependent depolarizations with no 
evidence of electroporation up to 1 13 V/cm, the greatest field strength 
tested. Electroporation was assessed as an irreversible depolarization 
that could not be blocked by TTX. This type of response has been 
observed with some EFS protocols that have greater stimulation 
strengths and/or duty cycles (not shown). Because a field strength of 
100 V/cm produced the largest and fastest E-VIPR response with no 
evidence of cell damage, this field strength was used in most 
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Figure 2 E VIPR signals and membrane-potential 
changes, (a) Magnitude and kinetics of E-VIPR 
recordings. Millisecond time resolution FRET 
membrane-potential response to increasing EFS 
strength. Normalized FRET ratio responses were 
elicited from hNa v 1.3-expressing cells applying 
voltage pulses with amplitudes ranging from 
31 to 100 V/cm. The magnitude and speed of 
depolarization increased with increasing 
stimulation field strength, with largest 100 V/cm 
3 producing ~25% ratio change with a rise time 
; < 10 ms. (b) Magnitude and kinetics of current- 
: clamp recordings. Membrane-potential responses 
id by in 




Tims (ms) 



Time (ms) 



0 injection. Whole-cell current-clamp data were 
■g obtained from a cell in monolayer using a series 
3 of 1-ms depolarizing current steps from 500-850 pA in 50-pA increments. Similar membrane-potential response properties including increasing rate of 

1 depolarization, amplitude, time to maximum voltage change and relaxation time constants are observed for both methods. Exponential fits of the 
"g repolarization, with maximal stimulation, are plotted for both methods (dotted lines) and gave similar time constants of ~ 15 ms. 



; subsequent experiments. Fluorescence images of hNa v 1.3-expressing 

i cells in plates are shown using band-pass emission filters for 

\ CC2-DMPE (Fig. le) and DiSBAC 6 (3) (Fig. If) and demonstrate 

L that the fluorescence is restricted to the plasma membrane. 



- Characterization of E-VIPR-induced membrane-potential changes 

; We compared the magnitude, sensitivity and kinetics of EFS-induced 

' FRET ratio signals (Fig. 2a) with current-clamp electrophysioiogy 

' (Fig. 2b). Both techniques produced a regenerative membrane- 

■ potential response once an activation threshold was reached, consis- 

; tent with activation of Na v channels. Both the rate and magnitude of 

\ the FRET response increased with increasing EFS strength. A field 



strength of 100 V/cm produced an ~25% FRET ratio increase. 
Previous work has shown that the FRET response is approximately 
linear between -80 and +40 diV 1,j ', with a sensitivity of ~ 10-60% 
AR/R per 100 mV i7,18 , depending on experimental conditions. We 
used high K + depolarization in E-VIPR to determine a sensitivity of 
— 20%/ 100 rnV (not shown) and estimate that EFS-induced responses 
correspond to depolarizations of ~100 raV. Because E-VIPR can 
reliably detect ratio changes of ~3%, we estimate that the optical 
method can reliably detect membrane-potential changes as small 
as 15 mV. Using current injection, we elicited depolarizations up to 
100 mV above threshold (Fig. 2b) and compared the time courses of 
the responses. The time courses for depolarization (<10 ms) and 
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Figure 3 Detection of use-dependent lidocaine block of hNa,1.3 with E-VIPR and voltage clamp, 
(a) EFS-induced FRET membrane-potential responses from hNa v 1.3 HEK293 cells in the absence 
(blue) and presence (red) of 63 uM lidocaine at 1-, 5- and 10-Hz stimulation frequencies. The 
stimulating pulses had electrical field strength of 100 V/cm. Use-dependent block is seen at all 
frequencies as indicated by reduced voltage transient magnitude at the end of the stimulation 
train compared to the first peak and drug-free traces, (b) The analogous whole-cell voltage-clamp 
experiment shows use-dependent lidocaine block of inward Na + currents. The cells were held at 
-120 mV, followed by a 1.5-s conditioning pulse to -65 mV, and then 20-ms pulse trains to 
0 mV were applied at 1, 5 and 10 Hz. Schematics of the assay protocols are shown to the left of 
the traces, (c) Voltage-clamp (top) and E-VIPR (bottom) concentration-response curves are plotted 
for lidocaine and TTX. Baseline and use-dependent block were determined from the amplitude 
of either current or FRET ratio response to the first (PI) and 20 th (P20) stimulation pulses, 

respectively. In both assays, the lidocaine curves show large shifts to lower concentrations with increased stimulation compared to TTX. For both molecules 
greater potency shifts were observed on E-VIPR (d) Lidocaine IC50S for baseline and each frequency are plotted for each method. Both methods show general 
agreement in that relatively little block is observed on the first stimulation pulse and that the degree of block increases as the stimulation frequency 
increases. The frequency dependence of block is steeper and detected more sensitively on E-ViPR. 
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Table 1 Comparison of tC 50 (mean ± s.e.m.) 

























TTX (nM) 


2.8 ±0.1 


2.5 + 0.1 


2.5 + 0.2 


3.4 ± 0.1 


2.9 ±0.2 


1.9 ± 0.1 


2.6 + 0.2 


1.5 + 0.2 




Tetracaine ((iM) 


UiO.l 


3.7 ±0.3 


0.9 + 0.0 


0.8 + 0.1 


0.7 + 0-0 


0.4 ± 0.0 


0.8 + 0.1 


0,3-0.0 




Riluzole (|iM) 


0.3 ± 0.0 


7.3 ±0.4 


ND 


ND 


ND 


ND 


0.2 ±0.0 


0.5 ±0.0 




Amitriptyline (|iM) 


3.5 + 0.2 


5.0 ±0.2 


1.5 ± 0.1 


2.1 ± 0.2 


1.3 ±0.1 


1.4 ± 0.7 


1.4±0.1 


1.2 ±0.1 




Etidocaine (jiM) 


8,1*0.7 


28.0 + 1.8 


ND 


ND 


ND 


ND 


2.4 ±0.5 


1.2 ±0.0 




Mesiletlne (mM) 


74.8 + 3.4 


30.6 ± 1.8 


55.4 ±3.0 


23.1 ±2.2 


34.8 ± 1.4 


7.8 ± 1.0 


27.4 ±1.2 


3.3 ±0.2 


i 


Lidocaine (nM! 


113,6 ±8,2 


188.1 + 13.8 


101.7+1.8 


61.8 ±5.7 


52.0 ±1.5 


11.7 ± 1.5 


30.4 ±2.2 


6.8 ± 1.0 




Lamotrigine (jiM) 


102,2 ± 2,2 


118.7 ±6.9 


84.2 ± 6.2 


42.3 ±4.1 


68.3 ± 3.7 


17.8 ±0.9 


51.0 ±3.3 


8.9 ± 0.9 




Carbamazepine (jiM) 


352.0 ± 12.9 


168.0 ±4.6 


ND 


ND 


ND 


ND 


163 ± 16.4 


19.0 ±2.4 



| repolarization (time constant T ~ 15 ms) are similar for both 
5J methods, indicating that the optical method accurately tracks 
= membrane potential. 

£ Detection of different blocking mechanisms 

S We evaluated the ability of the E-VIPR technique to distinguish 
o. between use-dependent and non-use-dependent (baseline) block of 
■c hNa v 1.3 using lidocaine and TTX, respectively. Lidocaine is a widely 
Q- used local anesthetic whose mechanism of action is use-dependent 
g block of Nav channels 20 and which has been shown to block different 
O Na v -channet subtypes, including hNa v l .3 (ref. 2 1 ), with approximately 
c equal potency. TTX is a potent blocker with very weak voltage- and 
£ use-dependence that binds to a different site from lidocaine 22 . 
2 Figure 3a,b shows the blocking properties of 63 uM lidocaine on 
^ hNayl .3 in both voltage-clamp recording and E-VIPR, when stimulat- 
<u ing at 1, 5 and 10 Hz. The lidocaine block reduced the voltage 
5 response upon repetitive stimulation at each frequency compared to 
Z control without drug. In both formats, the peak ratio responses to the 
g first and the 20 th EFS pulse, denoted as PI and P20, were normalized 
g to the response without drug to assess the degree of baseline and use- 
US dependent block, respectively, for each frequency. Figure 3c shows 
5 , idocaine and TTX concentration-response plots for both baseline and 
i i i-c- dependent block at 1, 5 and 10 Hz using voltage clamp and 
' ' " ri-V IPR The lidocaine baseline-block IC S0 values were similar at 110 
and 190 uM, respectively. Upon repetitive 10-Hz stimulation, blocking 
potencies increased to 30 and 7 uM by voltage clamp and E-VIPR, 
respectively. Thus, despite the technique differences, both methods 
report more potent block at higher stimulation frequencies, 
as expected for a use-dependent blocker. However, E-VIPR 
did show a steeper dependence of block potency on stimulation 
frequency (Fig. 3d). 



Figure 4 Blocking properties of Na„ channel drugs in E-VIPR and voltage 
clamp. A comparison of the hNa v 1.3-blocking potencies and use-dependent 
activities of the nine blockers listed in Table 1: TTX, tetracaine, riluzole, 
amitriptyline, etidocaine, mexiletine, lidocaine, lamotrigine and 
carbamazepine are presented, (a) E-VIPR baseline (blue) and 10-Hz (red) 
blocking IC50 values are plotted versus those obtained with voltage clamp. 
Linear fits to the data are drawn and show a high correlation with R 2 values 
of 0.88 and 0.92 for baseline {blue} and 10 Hz (red) use-dependent block, 
respectively. The compounds, to varying degrees, block with greater 
potencies at 10 Hz. This is seen in the E-VIPR data as the red 10-Hz data 
are shifted downward to more potent IC 50 s from the blue baseline data. 
(b> Correlation of use-dependent block index measurements between 
E-VIPR and voltage clamp are plotted. 



In contrast, the IC 50 for TTX was essentially independent of 
stimulation frequency, and block was similar on PI and P20 
(Fig. 3c). A relatively small potency increase at higher frequencies 
was observed for TTX in the E-VIPR assay, which is 
reports of modest TTX use-dependence 23 ' 24 . 

Potency and use-dependence ranking of drugs 

To further characterize the molecular pharmacology 



with E-VIPR, we determined the concentration-response curves for 
inhibition of hNa T 1.3 by eight well-characterized drugs that cause use- 
dependent block of Nav channels: tetracaine 25 , riluzole (Rilutek) 26 , 
amitriptyline 27 " 29 , etidocaine (Duranest) 30 , mexiletine (Mexitil) 31 , 
lidocaine 21 , lamotrigine (Lamictal) 32-34 and carbamazepine 
(Tegretol) 33 . In addition, we studied TTX. Only lidocaine has been 
previously tested against hNa v l-3, although these drugs generally block 
the different subtypes with approximately equal affinities. E-VTPR and 
voltage-clamp concentra 



- Baseline n 2 = 0.88 
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Figure 5 Screen of ~400 known drugs and hNa v 1.3-blocking 

activity of antidepressants, (a) Screening results of ~400 known 

drugs for blocking activity against hNa v 1.3 at 10 uM are plotted, 

Data were obtained from hNa v l,3-expressing cells using the 5-Hz 

stimulation protocol described in Figure 3a. Each plate contained 

four negative (DMSO, red circles) and four positive (100 uM 

tetracaine, blue triangles) control wells. The average screening 
• window was excellent with Z' = 0.71. Drug-blocking activity was 

calculated from the controls and hits were defined as > 60% of the 0.1 1 1C 

- tetracaine block, (b) Antidepressants from different chemical series Concentration (p 

were enriched (13/18) in hNa v 1.3-blocking activity relative to other 

drug classes. These identified blockers were used to compare E-VIPR with a VIPR membrane-potential a: 
) pharmacological modifiers veratridine and deltamethrin. The blocking activities are plotted for the two assays and demonstrate that E-VIPR more sensitively 
detects the active antidepressants, including mirtazapine and bupropion, that were missed in the VIPR assay (below horizontal line), (c) The structures of 
amitriptyline, sertraline and paroxetine are shown, (d) E-VIPR concentration-response relationships of these antidepressants for baseline (left) and 
use-dependent block (right) are shown. These antidepressants show use-dependent block with UDIs > 1.5. 



baseline and use-dependent block at 1, 5 and 10 Hz, and the IC50 
values are given (Table 1). For all compounds except TTX, we found 
an intermediate drug concentration at which the block greatly 
• increased during the stimulation train from PI to P20, indicating 
, the expected use-dependent block. To compare baseline and use- 
pdependent blocking potencies of the two approaches for different 
blockers, we plotted the E-VIPR and voltage-clamp baseline and 
10-Hz [C 50 values (Fig. 4a). A linear fit of the data indicate a high 
correlation (R 2 = 0.9) between both measures, with E-VIPR being 
consistently more sensitive at 10 Hz. Riluzole is an outlier because of a 
very potent baseline block using the voltage clamp, which suggests that 
riluzole is able to access its high-affinity site 35 with this protocol. 

To compare the relative use-dependence of Na v -channel blockers, 
we calculated the ratio of baseline or tonic IC 50 to use-dependent IC 30 
for each compound, a value that we have termed the use-dependent 
index (UDI; Fig. 4b). A linear fit of data gave a correlation with 
R 2 = 0.62. In all cases the UDIs were lower when measured by voltage 
clamp, with the use-dependent block being more potent in E-VIPR. 
Both methods accurately assign compounds into low (TTX), medium 
and high (lidocaine and etidocaine) use-dependent activity categories. 
Overall, these data demonstrate that the E-VIPR assay can accurately 
distinguish between compounds with different potencies and degrees 
of use-dependence. 

Enriched Nav-channel blocking activity in drugs 

We applied the E-VIPR membrane-potential assay to screen ~400 
drugs for hNa v 1.3-blocking activity at 10 uM in 96-well microliter 
plates {Fig. 5a). An excellent Z' screening window 36 of 0.71 ± 0.1) 



between the the positive (100 uM tetracaine) and negative (0.1% 
DMSO) controls was attained, which is compatible with 
high-throughput screening. Interestingly, ~25% of the drugs had 
use-dependent blocking activity that was >60% of that of tetracaine 
controls. The high hit rate was approximately double the rate found 
screening diverse commercial small molecule libraries against hNa v 1.3 
(data not shown), suggesting that Na v -channel activity is enriched in 
drugs. In particular, antidepressants were highly enriched, with 13 out 
of 18 compounds active in the screen. The antidepressants identified in 
the screen are desipramine, protriptyline, paroxetine, sertraline, trirni- 
pramine, amitriptyline, fluoxetine (Prozac), fluvoxamine, doxepin, 
sibutramine, nefazodone (Serzone), mirtazapine and bupropion 
(Wellbutrin). All blocked hNa v 1.3 completely, except mirtazapine 
(79%) and bupropion (61%). 

To compare E-VIPR with a conventional membrane-potential assay, 
we screened the identified Na v channel ■ blocking antidepressants with 
a Na + add-back VIPR assay 19 that uses extracellular Na + exchange and 
veratridine plus deltamethrin to keep the channel open (Fig. 5b). The 
E-VIPR assay more sensitively detected active compounds and identi- 
fied fluvoxamine, mirtazapine and bupropion, which were missed in 
the VIPR assay using a hit cut off of 60% tetracaine activity. The Na v 
channel-blocking activity of these antidepressants, except for amitrip- 
tyline, desipramine, fluoxetine and doxepin, have not, to our knowl- 
edge, been previously reported. Detailed concentration responses are 
shown in Figure 5, and these potencies were confirmed with voltage- 
clamp studies (data not shown). In addition, the drugs were found to 
block human Na v 1.2, Na v 1.5, Na v 1.7, and Na v 1.8 with similar poten- 
cies to Na v 1.3 with E-VTPR. 
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DISCUSSION 

Electrical field stimulation has been used to manipulate and study 
excitable biological systems ever since Galvani and Volta discovered 
around 1790 that electrical stimulation elicits muscle contractions in 
frogs 37 , and it has been used to activate individual nerves, neurons and 
cardiac cells 38,39 . In addition, electrical stimulation has been used to 
treat neurological conditions such as pain 40 . Recently, a related 
approach has been reported that used stimulating electrodes fabricated 
>, on transparent surfaces together with slow-responding (tens of 
o seconds) fluorescent probes of membrane potential to detect endo- 
c genous sodium-channel activity in neuroblastoma cells 41 . 
| E-VIPR combines EFS and detection of membrane potential using 
o high-speed FRET membrane potential dyes to enable sensitive high- 
's throughput assays of voltage-gated ion channels. It provides high 
3 throughput and screening reliability similar to that seen with established 
= microliter plate-based VIPR 19 and fluorescence imaging plate reader 
| systems 42 . However, the information content is more like that obtained 
from current-clamp electrophysiology in that a variable, repetitive, 
= electrical stimulation is used to activate the channels and the membrane 
c potential is allowed to change in response to ion fluxes across the cell 
| membrane. EFS duration and FRET voltage sensor dye temporal 
5 response are well matched at ~2 ms and together are sufficient to 
o. measure the peak of channel-dependent transient depolarizations, 
£ which have a rise time < 10 ms (Fig. 2). We demonstrate the utility 
Q- of the technology using hNa v 1.3, a potential target for neuropathic pain. 
£ Na„ channels represent a particularly relevant target class for E-VIPR 
© assays because of their rapid gating kinetics, voltage dependence, low 
c cellular expression and the state dependence of many blockers, 
-jr This approach has several attractive features that distinguish it from 

2 voltage clamp and other ion-channel assay methods. First, a pharma- 
cological block can be assessed in cells expressing very few channels 

<u without dialysis of intracellular components. Nay-channel assays 

3 require a high sensitivity to ion flux as the channels are open only 
Z for milliseconds. High sensitivity is achieved because large membrane- 
g potential changes (tens of mVs) result from a small number of ions 
g (10 6 ) passing across the high- resistance membrane. Consistent with 
© this property, we have observed large voltage-sensitive FRET changes 

, in L ell lines that have current densities as low as 3-5 pA/pF (data not 
shown). This is important because some channels, such as hNa v 1.8 
*^(ref. 25) and hNa v 1.9 (ref. 43), are difficult to express heterologously 
in standard Chinese hamster ovary and HEK293 screening cell lines. 

Second, the time course of a slowly developing block can be 
assessed, which is challenging with patch clamp because it requires 
maintaining a stable high-resistance seal for long time periods. Slow- 
acting compounds are likely to be missed with voltage-clamp screens, 
which typically have compound exposures <5 min because of 
technical and throughput limitations. A third advantage over standard 
fluorescence assays is that Na v channels are not modified by 'agonists.' 
Previous high-throughput optical methods required channel openers, 
such as veratridine, deltamethrin or batrachatoxin, to lonically activate 
the channels 12 ' 19,44,45 , which compromises the detection of a state- 
dependent block. A direct comparison of E-VIPR to a VIPR 
membrane-potential assay that required extracellular Na + exchange 
and veratridine/deltamethrin demonstrated that E-VIPR detected 
Na v -channel blockers more sensitively, including drugs that were 
missed by VIPR, based on screening a panel of antidepressants 
(Pig. 5b). A more extensive screening comparison and analysis will 
be required to fully characterize the different types of blockers detected 
by the two optical methods. 

Finally, the assay is inexpensive and high-throughput and therefore 
allows broad screening and profiling of compounds and targets. For 



example, factoring in both time and reagents, an E-VIPR data point 
costs ~$0,03, 100 times lower than the cost of a planar patch 
data point (based primarily on consumable costs) 8 , and takes about 
1,000-fold less time than our estimate of a conventional manual 
patch-clamp recording based on the estimated throughput of one 
compound profiled per electrophysiologist per day. 

We found that E-VIPR accurately detects the potency and use- 
dependence of Nay-channel block based on a comparison to voltage- 
clamp results. We analyzed the data by measuring changes in the 
magnitude of depolarization, though other methods could also be 
envisioned, such as measuring changes in rates of depolarization. At 
high stimulation frequencies E-VIPR general!)- detected a block with 
approximately fivefold higher sensitivity compared with voltage clamp 
(Fig. 4a). The increased sensitivity could be the result of several 
factors, including different assay holding potentials or the threshold 
nature of the voltage response, which might require less channel block 
to inhibit the depolarization. The increased detection sensitivity is 
most evident with prolonged stimulation and may be due to differ- 
ences in cellular membrane potentials or intrinsic susceptibility to 
block at the end of a stimulation train. Both baseline and use- 
dependent E-VIPR IC 5 o values were found to correlate very well 
(R 2 = 0.9) with analogous voltage-clamp determinations. We used 
the ratio of baseline to use-dependent IC50S as a measure of 
use-dependence (UDI) that includes both voltage and frequency 
components of block. E-VIPR UDIs also correlated with those from 
voltage-clamp recordings (R 2 = 0.62), but to a lesser degree (Fig. 4b). 
Analysis of the outliers riluzole and amitriptyline suggested that, 
unlike most of the drugs profiled, these compounds have baseline 
or tonic IC 50 values that include substantial activity contributions 
from the high-affinity inactivated state, based on comparisons to 
published values 27 ' 35 . The disparate use-dependence sensitivity likely 
reflects mechanistic differences that are differentially sensed by the two 
techniques; additional work is needed to fully understand the relation- 
ship between use-dependence and the measurement technique. 

Whereas E-VIPR generally correlates well with the patch-clamp 
technique and certain aspects of E-VIPR are analogous to patch 
clamp, E-VIPR cannot clamp the membrane potential and is not 
intended as a replacement for this important technique. The limited 
voltage control of E-VIPR constrains the range of stimulation and 
voltage protocols possible for measuring channel and compound 
activity. For example, cell lines with different resting membrane 
potentials have different percentages of channels in resting and 
inactivated states, which can influence their sensitivities to compound 
block. Assay development for E-VIPR must take such factors 
into account to accurately compare compound block in cell lines 
expressing different channel subtypes. Voltage-clamp electrophysiol- 
ogy is complementary to E-VIPR and we see its use to support final 
biophysical characterization of a limited number of compounds, when 
throughput and cost are no longer limiting to drug discovery. 

The E-VIPR screen against hNavl.3 of clinically used drugs showed 
that a surprisingly large percentage (~25%) of the tested drugs have 
Na v channel-blocking properties. Of the different drug classes, 
antidepressants showed the most unexpected and striking overlap: 
72% of antidepressants, including at least three distinct structural 
classes, showed substantial Na v -channel block. Certain antidepres- 
sants, such as the tricyclic antidepressants amitriptyline 27,29 and 
imipramine 46 , are known to block multiple Na„ channels in a use- 
dependent manner. In addition, it is well known that many anti- 
depressants are useful for treating pain 47Jt9 , and it is possible that 
some of this activity is related to Na v -channel block. However, 
blockade of Na v channels is not generally regarded as a common 
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feature among antidepressant drugs. In particular, Na v -channel block 
has not been reported for the structurally distinct selective serotonin 
reuptake inhibitor antidepressants sertraline and paroxetine. Our data 
suggest that these drugs block Na v channels in the 2-5 uM range, 
which is at the high end of therapeutic blood levels for sertraline and 
at least tenfold above those of paroxetine 50 . However, these drugs 
likely reach much higher concentrations in their target tissues as they 
enrich in rodent brains 24- and threefold relative to plasma, respec- 
>, lively 51 . It is likely, therefore, that at therapeutic doses, antidepressants 
o achieve levels in the central nervous system sufficient to block Na v 
c channels. Our data would therefore suggest either that there is a high 
g degree of structure- activity' relationship overlap between anlidepres- 

0 sant targets and Na v blockers or that Na v blockade contributes to the 
■§ activity of antidepressants. The finding of this high correlation may 
3 spur further investigation into the role of Na v blockade in the 
c pharmacological action of this drug class. 

| Although the E-VIPR experiments presented here were focused on 
J; detecting and characterizing Nav blockers using voltage dyes in 
jjj recombinant cells, our approach is applicable to other ion-channel 
c classes, modulator types, detection methods and cell systems. For 

1 example, it could be adapted to study voltage-gated Ca 2+ channels 
J using fluorescent Ca 2+ indicators or to image heterogeneous poputa- 
o. tions of primary neurons. Thus, our approach should facilitate the 
■c exploration of voltage-gated channels and excitable cells for both basic 
ft. research and drug discovery applications. 

£ 

O METHODS 

g> Materials. Tetracaine, mexiletine, lidocaine, amitriptyline, pluronic F-127, TTX 
jB and P-cydodextrin were obtained from Sigma. Approximately 400 drugs 
2S screened were purchased from the following companies: Aldrich, EIOMOL 
3 International, CalBiochem, ChemBridge, Fluka, Isotec, Sigma, Sigma-RBI, US 
°- Pharmacopeia, OnBio, Toronto Research Chemicals, Asinex, InterBioScreen, 
ij Lipomed and Sequoia Research Products. CC2-DMPE (ch!orocoumarin-2- 
dimyristoyl phosphatidylethanolamine), DiSBAC6(3) (bts-(l,3-dihexyl-thio- 
Z barbituric acid) trimethine oxonol) 17 and Acid Yellow 17 {ESS AY-17) were 
© produced at Vertex Pharmaceuticals. CC2-DMPE is also commercially available 
° from Irsvitrogen. Lamotrigine was purchased from Sciencelab.com. Dulbecco's 
© modified essential medium (4.5 g/l o-glucose), MEM nonessential amino acids, 
..jj, HEPES, sodium-pyruvate, lipofectamine and blasticidin were obtained from 
St 1 1< ilrogen Fetal bovine serum was obtained from Hyclone. External bath 
- solution 1 140 mM NaCl, 4.5 mM KC1, 1 mM MgCl 2 , 2 mM CaCl 2 , 10 mM 
glucose, 10 mM HEPES-NaOH, pH 7.3 with NaOH) used in the assay was 
obtained from MediaTech. Growth Factor Reduced matrigel matrix was 
obtained from BD Science. 

Human Nayl.3 cloning, expression and cell culture. cDNA encoding hNa v 1.3 
was cloned using RT-PCR from human spinal cord RNA. A Kozaks like 
sequence and Xhol site were added to the 5' end and a Notl site to the 3' 
end of the hNavl.3 cDNA. The hNa v 1.3 cDNA was subsequently cloned (5' to 
3') into the XhollNotl sites of pLBCX (+) using the XhoWot I restrictions sites. 
Retroviral vectors were generated through three-plasmid cotransfection using 
Lipofectamine. Retroviral transduction was used to infect HEK293 cells. The 
infected HEK293 cells stably expressing hNa v 1.3 were grown at 37 °C using 
Dulbecco's modified essential medium supplemented with 10% FBS, 5 ug/ml 
blasticidin, 1 mM sodium-pyruvate and 10 mM HEPES and subdivided every 3 
to 4 d. For electrophysiological experiments, cells were grown on small 
coverslips and used for recording after 1-2 d in culture. The cloned hNa v 1.3 
showed similar TTX sensitivity (IC 50 = 2.8 nM) and voltage dependence of 
activation {Vq, 5 = -26.2 ±2.3 mV, n = 3) and steady-state inactivation 
(V D . 5 = -60 ± 0.4 mV, n = 4) to the previous reported values 52 . 

E-VIPR assay preparation. Cells were cultured on 96-well plates (Costar tissue 
culture-treated 96-well fiat bottom plates, Corning) precoated with 0.5% 
Growth Factor Reduced matrigel matrix in DMEM for 1 h at 23 °C. About 
40,000 cells were added to each well and incubated at 37 °C for 24 h before 



being assayed at 23 °C. Test compounds were prepared from 10 mM DMSO 
stock solutions and prespotted into polypropylene plates before diluting to 2x 
with external bath solution containing 1 mM ESS AY17. The cell plates were 
first washed three times with external solution using an automatic plate washer 
(ELx405, Biotek), leaving a 50 pl/well residual volume. Subsequently, 
50 ul/well of mixed dye solution of 10 uM CC2-DMPE, 2.4 uM DISBAC S (3), 
0.5% (J-cyclodextrin and 20 ug/ml pluronic F-127 in external solution, was 
added to the cell plates. Following 30 min incubation in the dark at 23 °C the 
cells were washed three times again with external solution, leaving a 50 ul/well 
residual volume. The final compound solutions were then added to the cell 
plates at 1:1 ratio to obtain desired final concentrations. Cells were incubated 
with test compounds for 30 min before being assayed. 

Etcctrophysiology. Recordings were made at 23 °C using an Axopatch 200A 
amplifier and pCfamp9 software (Axon Instruments). The same external 
solution used for the E-VIPR assay was used for whole-cell recordings. For 
voitage-damp recording, the intracellular solution was 130 mM CsF, 10 mM 
NaCl, 1 mM MgCl 2 , 10 mM HEPES {acids), 1.5 mM EGTA and 10 mM 
glucose, pH 7.3 with CsOH. For current-clamp recording, the intracellular 
solution was 150 mM KC1, 10 mM NaCl, 1 mM MgClj, 10 mM HEPES (acid), 
1 .5 mM EGTA and 10 mM glucose, pH 7.3 with KOH. The resistance of whole- 
cell patch pipettes fabricated from Kimax-Sl glass capillaries (Fisher Scientific) 
was 1 to 2 MSI when filled with Cs + /Na + or KWa + pipette solution. Data were 
digitally acquired by filtering at 10 kHz and sampling at 50 kHz. Data traces 
were subsequently filtered at 3 kHz for analysis and presentation. Capacitance 
transients were not subtracted. Leak currents were corrected with built-in 
function of the amplifier. For whole-cell recording, series resistance was 
electronically compensated to at least 70%. Only cells forming seal resistance 
>2 GQ were used for recordings, otherwise discarded. The cell line used has a 
resting membrane potential near -65 mV. The voltage-clamp protocol used to 
compare with E-VIPR included a step to -65 mV from a holding potential of 
-120 mV to match the resting potential. Current-clamp recordings (Fig. 2b) 
were recorded at 2 kHz and held at -75 mV before current injection. 

E-VIPR: electrical field stimulation. Protocols, including waveform, timing, 
frequency and repetition of stimulations, were defined via a graphical user 
interface of a custom program running in MS Windows system. A custom- 
designed amplifier was used to generate the final voltage pulses. These voltage 
pulses were delivered with eight pairs of electrodes to simultaneously create an 
electrical field in a column of eight wells of a 96-well plate 14 . Each cell plate was 
sequentially stimulated from columns 1 to 12 using 2-ms monophasic voltage 
pulses stepping from 0 to 40 V, delivered at frequencies of 1, 5 and 10 Hz. As 
the distance between two electrodes was 0.4 cm, the resulting electrical field was 
up to 113 V/cm. 

E-VIPR data acquisition and analysis. HEK293 ceils stamed with CC2-DMPE 
and D!SBAQ,(3) were excited at 400 ± 7.5 nm. Fluorescence responses were 
collected at 460 ± 22.5 nm for CC2-DMPE and 580 ± 30 nm for DiSBAQ,(3). 
The original emission fluorescence was analog low-pass filtered at 1 kHz, 
digitized at 5 kHz, and boxcar averaged down to 200 Hz before being stored to 
hard drive. The collected fluorescence signals were subtracted with the back- 
ground fluorescence obtained in cell-free wells (column 12) of the same cell 
plate, and were normalized using the equation AF = F/F 0 - 1, where AF is the 
change of normalized fluorescence emission, F is fluorescence emission and F 0 
is the average baseline fluorescence emission before stimulation. Normalized 
CC2-DMPE over DiSBAC 6 (3) fluorescence emission ratio, or FRET ratio, was 
used to monitor changes in cellular membrane potential and calculated using 
the equation AR = R/R,, - 1 where AR is the change of the normalized FRET 
ratio, R is the FRET ratio and Ro is the average ratio before stimulation. 
Measuring the FRET ratio maximizes the signal change and reduces experi- 
mental artifacts. 

Analysis of compound activity. Test compound activity was determined from 
the amplitude of peak inward current or FRET ratio response elicited by the 
first (PI ) and 20 th (P20) stimulation pulses in the presence and absence of test 
compound. The block obtained at PI and P20 was referred to baseline and use- 
dependent block, respectively. '% blocking activity' was defined as (1 - ARg/ 
AR NB ) x 100, where AR B and AR NB denote the normalized peak ratio response 
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or peak inward current obtained in the presence and absence of blockers, 24. Eickhorn, R., Wei rich, 
respectively. Concentration-response curves were fit to (100 - %blocking 
activity) = [blocker]7([blocker]" + (IC50)"), carried out in SigmaPlot 2000 
(SPSS) or Origin 7 (OriginLab). 1C 5B is the blocker's 50% inhibition concen- 
tration and n is the slope. 
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